Vanadium redox flow batteries (VRFBs) have received a great deal of attention as promising energy storage systems for use in large-scale applications[@b1][@b2]. Carbon felt has been widely used for electrodes in VRFBs owing to its good chemical stability and large reactive surface area[@b3]. Low electrochemical activity and poor wettability originating from its hydrophobic nature, however, result in significant polarization and poor energy efficiency during operation. Therefore, it is desirable to develop proper surface treatments of carbon felt for full utilization of its advantages particularly for practical applications.

It has been widely accepted that surface-active oxygen functional groups are effective in catalyzing redox reactions of active species and improving the wettability of carbon felt[@b4][@b5][@b6][@b7]. In order to populate the surface of carbon felts with these functional groups, many researchers have used various surface modification techniques, including electrochemical oxidization, heat treatment, plasma treatment, and irradiation treatment[@b4][@b5][@b6]. Most of these approaches, however, suffer from long processing time, processing difficulty, and high production costs. Thus, it is necessary to develop a new, simple, and cost-effective surface modification process, allowing for the formation of abundant and robust oxygen functional groups.

Herein, we propose a new strategy to accomplish this, based on a combination of corona discharge and hydrogen peroxide (H~2~O~2~) treatments ([Figure 1](#f1){ref-type="fig"}). First, a corona discharge is applied, effectively forming many instable free radicals on the carbon felt surface[@b8][@b9][@b10]. These free radicals are then converted to surface-active oxygen functional groups during the following H~2~O~2~ treatment. As a result of the modified surface properties, the new carbon felt leads to substantially improved performance of VRFBs via enhanced wetting and catalytic activity in the reaction with vanadium ions.

Results
=======

The morphologies and microstructures of the treated carbon felt samples were examined by field-emission scanning electron microscopy (FESEM) and micro-Raman spectroscopy ([Figure S1 in the Supporting Information](#s1){ref-type="supplementary-material"}). No noticeable structural change was observed in the carbon felt treated only with H~2~O~2~ (HCF) when compared to bare carbon felt (BCF). Additionally, no difference was observed between BCF and the carbon felt treated by corona discharge along with H~2~O~2~ treatment (PCF). In other words, neither corona discharge nor H~2~O~2~ treatment significantly affects the physical properties of carbon felt.

To further inspect the surface chemistry of the carbon felt samples, we carried out Fourier transform infrared (FT-IR) spectroscopy; the results are shown in [Figure 2a](#f2){ref-type="fig"}. All carbon felt samples show a band at 1633 cm^−1^, corresponding to a C = C vibration[@b11]. While only a weak band attributed to the presence of hydroxyl groups (C-OH) was observed in the region between 1240 and 900 cm^−1^ in the spectrum of BCF, two strong bands clearly indicating hydroxyl group formation (1240--900 cm^−1^) and C-O group (1500--1340 cm^−1^) formation were observed in HCF[@b11] This demonstrates that the H~2~O~2~ treatment on its own was effective in integrating oxygen-based functional groups. Interestingly, PCF showed additional bands at around 1726 and 1290 cm^−1^, which correspond to carboxyl groups (COOH) and additional C-O groups, respectively[@b11]. This indicates that many more oxygen functional groups were formed by using corona discharge before the H~2~O~2~ treatment, as was expected.

In most cases, it is nontrivial to quantify the amount of functional groups generated after the surface treatment. In order to better address this issue, tetraethylorthosilicate (TEOS) was used as a chemical indicator in a titration. TEOS is known to react quantitatively with nucleophilic oxygen functional groups, leading to the formation of orthosilicate and a method to roughly estimate the number of oxygen functional groups in a given sample[@b12][@b13][@b14]. As expected, this method revealed no evidence for orthosilicate formation on the BCF surface ([Figure 2a](#f2){ref-type="fig"}); however, orthosilicate formation was quite noticeable on the surfaces of HCF ([Figure 2c](#f2){ref-type="fig"}) and PCF ([Figure 2d](#f2){ref-type="fig"}), with a greater proportion on PCF than HCF. A new peak at 669 cm^−1^ provides direct evidence for Si-O bond formation ([Figure S2](#s1){ref-type="supplementary-material"})[@b12].

To investigate the effect of the surface treatment on the wettability of carbon felts, we measured the contact angles. The contact angle of BCF was determined to be 107.0° ([Figure 2e](#f2){ref-type="fig"}), while that of HCF was found to be 83.1° ([Figure 2f](#f2){ref-type="fig"}). The contact angle of carbon felt samples that underwent only corona discharge was also measured and was found to be 70.9° ([Figure S4a](#s1){ref-type="supplementary-material"}). It was difficult, however, to measure the contact angle of PCF because it immediately became soaking wet when introduced to water ([Figure 2g](#f2){ref-type="fig"} and [S3](#s1){ref-type="supplementary-material"}). It seems that corona discharge pre-treatment makes the carbon felt more compatible with H~2~O~2~ solution during the treatment process. This suggests that the combined treatment by the corona discharge and H~2~O~2~ completely alters the carbon felt surface from a hydrophobic one to a hydrophilic one, positively affecting the wettability.

The electrochemical performance of the carbon felt electrodes was examined by cyclic voltammetry (CV). Based on the obtained CV curves ([Figures S5 and S6](#s1){ref-type="supplementary-material"}), we compared the normalized peak currents and peak separations of the carbon felt electrodes for vanadium redox reactions in the catholyte and anolyte as a function of scan rate, as shown in [Figure 3](#f3){ref-type="fig"}. The peak currents in PCF for the VO^2+^ ↔ VO~2~^+^ redox reactions in the catholyte were larger than those of BCF and HCF at all scan rates ([Figure 3a](#f3){ref-type="fig"}), although the peak separations of PCF were not much different from those of BCF and HCF ([Figure 3b](#f3){ref-type="fig"}). From the comparison, we found that PCF exhibited about 1.32 and 1.26 times higher oxidation and reduction peak currents, respectively, than BCF. PCF also exhibited much larger peak currents and smaller peak separations for the V^2+^ ↔ V^3+^ redox reactions in the anolyte compared to BCF and HCF ([Figure 3c and 3d](#f3){ref-type="fig"}). Note that inevitable asymmetric behaviors of anodic peak currents were still found in all carbon felt electrodes at high scan rates over 50 mV s^−1^, which might be induced by undesirable H~2~ evolution[@b15]. The superior performance of PCF is attributed to the significantly improved activity and wettability of the carbon felt resulting from the increased surface-active oxygen concentrations, especially by its effects towards addressing the relatively sluggish kinetics of V^2+^ ↔ V^3+^ in the anolyte[@b16]. These findings are further supported by the electrochemical impedance spectroscopy (EIS) results ([Figure S7](#s1){ref-type="supplementary-material"}). The arc in the Nyquist plots is closely related to the charge transfer reaction at the interface between the electrolyte and the electrode. The radius of the arc reflects the charge transfer resistance, and the magnitude of the arc indicates the reaction kinetics. The semi-circle of the PCF sample is far smaller than the others, reflective of the markedly reduced activation barriers for the vanadium redox reaction.

[Figure 4](#f4){ref-type="fig"} shows the electrochemical performance of VRFB cells containing BCF, HCF, and PCF electrodes. Each cell was galvanostatically charged and discharged at a constant current density of 32 mA cm^−2^ for 20 cycles. The PCF cell exhibited a longer operation time (8.0 h) during the first cycle than the cell with BCF (7.6 h) under otherwise identical conditions ([Figure 4a](#f4){ref-type="fig"}). The longer operation time of the PCF cell was still maintained after 20 cycles, with a loss of only 1.0 h, whereas the BCF cell lost 1.8 h. This suggests that the effect of the surface treatment is sustainable over cycling. Even if all the cells showed similar coulombic efficiencies of approximately 94−95% during cycling ([Figure 4b](#f4){ref-type="fig"}), the PCF cell exhibited a remarkably improved voltage efficiency of 93.5% in the first cycle, a value that decreased only marginally to 92.0% after 20 cycles. The cell with PCF also showed the highest energy efficiency of 87.6% in the first cycle and maintained good cycling performance in the subsequent cycles ([Figure 4d](#f4){ref-type="fig"}). After 20 cycles, only 1.2% of the energy efficiency had decayed in the PCF cell. These improvements likely resulted from the reduction of the electrochemical polarization of the vanadium redox pairs at the electrodes, reconfirming that surface-active oxygen effectively increases the reaction kinetics of the VRFB cell by catalyzing the redox reactions without sacrificing coulombic efficiency. These trends between the cells were consistent in the CV and EIS results ([Figure S7](#s1){ref-type="supplementary-material"}).

To investigate the rate capabilities, the cells were charged and discharged at various current densities, ranging from 32.0 to 145.8 mA cm^−2^ ([Figure 5](#f5){ref-type="fig"}). As the applied current increased, the capacity and energy efficiency of the cells showed a tendency to decrease. Regardless of the applied current, however, the PCF cell exhibited the highest capacity and energy efficiency. For example, the PCF cell showed an energy efficiency of 68% at the high current density of 145.8 mA cm^−2^, compared to 60% and 65% for the BCF and HCF cells, respectively. In addition, the capacity of the cell employing the PCF was 1752 mAh at a current density of 145.8 mAh cm^−2^ ([Figure 5d](#f5){ref-type="fig"}). In contrast, the capacity of the VRFB employing the BCF was 1036 mAh under the same conditions ([Figure 5d](#f5){ref-type="fig"}). To explain such an improvement of rate capability due to PCF, we attempted to calculate the reaction rate constant, *k*, of the VO^2+^ ↔ VO~2~^+^ and V^2+^ ↔ V^3+^ redox reactions, based on the results of cyclic voltammetry obtained at different scan rates (5--20 mV s^−1^. The reaction rate constant was determined using following [Equation (1)](#m1){ref-type="disp-formula"}[@b17]:where *i*~p~ is the peak current, *n* is the number of electrons involved in the reaction, *F* is Faraday\'s constant, *A* is the active surface area of the electrode, *C*~0~ is the bulk concentration of oxidant, *E*~p~ is peak potential, and *E*^0^ is the equilibrium potential. From this equation, a plot of *ln(i*~p~*) vs. E*~p~*-E*^0^, having a slope of *-αnF/RT* and an intercept proportional to *k*, can be obtained, as shown in [Figure S8](#s1){ref-type="supplementary-material"}. The measured reaction rate constants of the BCF, HCF, and PCF for the VO^2+^ ↔ VO~2~^+^ and V^2+^ ↔ V^3+^ redox reactions are summarized in [Table 1](#t1){ref-type="table"}. The reaction rate constant for VO^2+^ ↔ VO~2~^+^ on PCF exhibited a slightly higher value than on BCF and HCF. Interestingly, it is clearly found that PCF had a much higher reaction rate constant for the V^2+^ ↔ V^3+^ redox reaction than those of BCF and HCF.

This result provides support for the effective enhancement of the sluggish kinetics of the V^2+^ ↔ V^3+^ redox reaction by the proposed surface treatment. Therefore, the superior voltage efficiency of the PCF cell can be explained by the catalytic effect of the integrated oxygen functional groups on the kinetics of the redox reactions, in particular, a sluggish V^2+^ ↔ V^3+^ redox reaction in the anolyte. Based on our observations, we believe that the electrochemical activity of the carbon felt can be improved significantly by the proposed surface treatment, which leads to the improvement of cell performance, in such aspects as the voltage and energy efficiencies of the VRFBs.

Discussion
==========

The proposed surface treatment combining corona discharge and H~2~O~2~ is quite effective in producing abundant surface-active oxygen functional groups on the carbon felt surfaces. By using a corona discharge pre-treatment, many instable surface free radicals can be generated on the carbon felt surface, which reacts with H~2~O~2~ to form the desired oxygen functional groups. After the proposed surface treatment, the electrochemical activities of the carbon felt electrodes were notably improved, exhibiting lower electrochemical polarization for vanadium redox reactions and thus resulting in superior voltage and energy efficiencies. Furthermore, in addition to improved electrochemical performance, this new method brings the additional advantage of lower production costs due to shorter processing time and easier handling as compared to other available methods. Overall, this new surface treatment is promising for both electrochemical performance and scalability and could thus be a viable option for future VRFBs.

Methods
=======

Preparation of surface modified carbon felts
--------------------------------------------

Poly(acrylonitrile) (PAN) carbon felt (3 mm thick, GF-3F, Nippon Carbon Co.) was used for both the positive and negative electrodes for the electrochemical measurements. The carbon felt was pre-treated by using an HK-2000 corona discharge instrument (HAN GOOK Hi-Frequency) with a 15 mm a dielectric barrier between the electrode and the carbon felt. The front side of the carbon felt was exposed twice for 15 s, each time at ambient temperature in air and under a discharge current of 4 A, after which the other side of the carbon felt was treated under the same conditions. The resulting material was then sonicated (VCX 500, Sonics & Materials, INC.) in 30% aqueous H~2~O~2~ solution for 1 h at 100 W. After sonication, the carbon felt was dried under vacuum at 80°C for 12 h. The conditions for the corona discharge and H~2~O~2~ treatments were optimized by pre-screening the electrochemical properties using cyclic voltammetry and VRFB single cells.

Sample characterizations
------------------------

The morphologies of the carbon felt electrodes were observed using a field emission scanning electron microscope (FESEM, JEOL JSM-7000F). Raman spectra were collected using a Raman spectrometer (BRUKER Senterra Grating 400) with a He-Ne laser at a wave-length of 532 nm. X-ray photoelectron spectroscopy (XPS, Thermo Scientific, Sigma Probe) was used to characterize the surface chemistry, including elemental compositions and chemical states. In addition, surface functionalities were identified using Fourier-transform infrared spectroscopy (FT-IR, Bruker VERTEX70) operating at room temperature in the 400--4000 cm^−1^ range. To assess the amount of oxygen-based functional groups on the carbon felt surfaces, chemical titration was performed using tetraethyl orthosilicate (TEOS, SiC~8~H~20~O~4~, Aldrich, 98%). The bare and modified carbon felt were immersed in TEOS for 24 h. The samples were then washed with distilled water and dried at room temperature for 12 h to remove residual reagents. The contact angle measurements were carried out for each sample by the water droplet method (GSA model, Surface Technology Korea), involving the pipetting of a certain amount of de-ionized water onto the sample surface. The contact angles were determined using Surface Energy & Tension Measurement New Goniostar Contact Angle software.

Electrochemical measurements
----------------------------

To understand the electrochemical properties of the carbon felt electrodes, cyclic voltammetry (CV) was performed using a three-electrode glass cell, comprising the selected carbon felt electrode as the working electrode, platinum mesh as the counter electrode, and a saturated calomel electrode (SCE) as the reference electrode. The test was performed over the voltage range from −1.0 to 2.0 V vs. SCE and at scan rates ranging from 5 to 100 mV s^−1^. The positive and negative electrolytes were 0.1 M VOSO~4~ in 2.0 M H~2~SO~4~ and 0.1 M V^3+^ in 2.0 M H~2~SO~4~, respectively. The negative electrolyte was prepared by the electrochemical reduction of the positive electrolyte. Electrochemical impedance spectroscopy (EIS) results were obtained using a three-electrode glass cell prepared by the same method described above. AC impedance analysis was performed with a potentiostat/galvanostat (EC-Lab, Bio-Logic) over frequency values ranging from 1 MHz to 10 mHz with an amplitude of 5 mV. The applied potentials were open circuit voltage (OCV) conditions for both electrolytes.

Cell tests
----------

The vanadium redox flow battery cells were comprised of the electrolytes, electrodes, bipolar plates (BPs), ion exchange membranes, tanks, and pumps. The electrolytes were prepared by dissolving 1.7 M VOSO~4~ (Aldrich, 99.5%) in 2.5 M H~2~SO~4~ solution (Aldrich, 99.9%). The electrolyte volumes were 80 mL on both sides. The treated and untreated carbon felt samples were used as the positive and negative electrodes (5 cm × 5 cm). Nafion membrane (N117, Dupont) and conventional graphite bipolar plate (BP) were employed in the test cell. A potentionstat/galvanostat (EC-Lab, Bio-logic) was used for cell performance evaluation. The test cells were charged and discharged in the 1.7--0.8 V range at a current density of 35 mA cm^−2^. The flow rate was fixed at 1.37 mL s^−1^, which was controlled by the pump.
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![Schematic illustration of the proposed treatment for integrating abundant surface-active oxygen functional groups into carbon felts.\
This treatment includes a corona discharge followed by sonication in H~2~O~2~ solution.](srep06906-f1){#f1}

![Structural characterizations of BCF, HCF, and PCF: (a) Fourier transform infrared (FT-IR) spectra of BCF, HCF, and PCF. Field-emission scanning electron microscopy (FESEM) images of (b) BCF, (c) HCF, and (d) PCF after chemical titration using TEOS as a chemical indicator. Photographs of the contact angle measurements on (e) BCF, (f) HCF, and (g) PCF.](srep06906-f2){#f2}

![Electrochemical properties of BCF, HCF, and PCF: (a) peak current and (b) peak separation for the VO^2+^ ↔ VO~2~^+^ redox reaction in catholyte; and (c) peak current and (d) peak separation for the V^2+^ ↔ V^3+^ redox reaction in anolyte.](srep06906-f3){#f3}

![Electrochemical performance of VRFB cells employing BCF, HCF, and PCF: (a) coulomb efficiency, (b) voltage efficiency, (c) energy efficiency, and (d) charge-discharge profiles for the 1st and 20th cycles.](srep06906-f4){#f4}

![Electrochemical performance of VRFB cells employing the BCF, HCF, and PCF electrodes at various current densities ranging from 32.0 to 145.8 mA cm^−2^: (a) Coulomb efficiency, (b) voltage efficiency, (c) energy efficiency, and (d) discharge capacity.](srep06906-f5){#f5}

###### Reaction rate constants of BCF, HCF, and PCF electrodes for (a) VO^2+^ ↔ VO~2~^+^ redox reactions in the catholyte, and (b) V^2+^ ↔ V^3+^ redox reactions in the anolyte

         *Reaction rate constant, k (10^−3^ m s^−1^)*                     
  ----- ---------------------------------------------- -------- --------- --------
  BCF                       0.0098                      0.8370   0.2135    0.0007
  HCF                       0.1024                      0.9055   1.5290    0.0126
  PCF                       0.1030                      1.2320   24.2365   0.5417
